We have characterized a novel microorganism, strain HY99, which is capable of aerobic and anaerobic degradation of aniline. Strain HY99 was found to aerobically metabolize aniline via catechol and 2-hydroxymuconic semialdehyde intermediates, and to transform aniline via p-aminobenzoate in anaerobic environments. Physiological and biochemical tests revealed that strain HY99 was most similar to Delftia acidovorans, but unlike D. acidovorans, strain HY99 was able to metabolize aniline under anaerobic conditions linked with nitrate reduction. Phylogenetic analysis based on 16S rDNA sequencing also revealed that strain HY99 was closely related to D. acidovorans, with 96% overall similarity. ß
Introduction
Aniline is recognized as a serious environmental contaminant because it is increasingly released into soil and water environments each year owing to its use in the production of dyes, plastics, herbicides, and pesticides. Environmental perturbations can arise from aniline's ability to undergo chemical transformations in the environment, including incorporation into humic acid-like compounds or conversion to persistent xenobiotics, such as azobenzenes, azoxybenzene, nitrobenzene and triazenes [1^4] . Previous studies on the aerobic microbial degradation of aniline have demonstrated that it can be metabolized to catechol as the ¢rst intermediate, liberating ammonia, and subsequently undergoing metabolic transformations through ortho-or meta-ring cleavage pathways [5, 6] in order to enter central metabolism. Under anaerobic conditions, the ¢rst report of a pure culture capable of aniline dissimilation was made by Schnell et al. [7] who demonstrated that Desulfobacterium anilini was capable of metabolizing aniline via reductive deamination of 4-aminobenzoyl-CoA, in a process that was linked to sulfate reduction. However, to our knowledge, no studies have been published on pure cultures capable of both aerobic and anaerobic degradation of aniline. We report here the physiological characteristics of a novel microorganism, strain HY99, capable of aerobic and anaerobic degradation of aniline.
Materials and methods

Aniline enrichment culture, media, and growth conditions
Soil samples were taken from orchards in Cheju, Korea. 10 g of each soil sample was shaken at 180 rpm in 100 ml of 0.9% sodium chloride solution at 30³C for 2 h. 1 ml of the supernatant was transferred to liquid media containing 1 mM aniline in order to establish the enrichment cultures. Enrichment cultures were incubated at 30³C. Serial dilutions of the enrichment culture (10 31 to 10 33 ) were transferred to solid aniline minimal medium containing 1 mM aniline, and rapidly growing colonies of aniline-utilizing microorganisms were screened. HY99 was isolated from one such aniline enrichment culture and was used for the physiological, biochemical, and molecular testing in this study. HY99 was routinely maintained in TNA medium [8] . For aniline oxygenase assay and for the measurement of aniline degradation rate, HY99 was grown on an aniline minimal medium (pH 6.8) that contained 1 g K 2 HPO 4 , 1 g KH 2 PO 4 , 1.39 g KCl, 1 g MgSO 4 , 0.1 g CaCl 2 , and 1 g MgCl 2 per liter. It should be noted that in this medium, aniline is the primary carbon and nitrogen source for growth. For anaerobic culture, 3.3 g KNO 3 was added to aniline minimal medium.
Morphological, physiological and biochemical tests
Early exponential phase cells from cultures grown at 30³C were used for morphological, physiological and biochemical tests. Morphological characterization was done using Gram stained cells [9] . Cellular motility and the number and placement of £agella, catalase activity, oxidase activity, oxidation and fermentation (OF) tests, indole formation and arginine hydrolysis were tested as described previously ([10^16], respectively). Nitrate reduction and denitri¢cation tests were performed by the method of Pickett and Peterson [17] .
Determination of aniline degradation rates and release of NH + 4 ion
Cells were grown in minimal medium containing 1 mM aniline and incubated at 30³C with shaking for 48 h. Every four h, 1 ml of the culture was withdrawn and used to determine cell density (OD 600 ) as well as for aniline concentration determinations. To measure the amount of aniline remaining in the medium, cells were removed by centrifugation and the supernatant was analyzed at 280 nm. 1 ml of the culture was also withdrawn and mixed with 1 ml of cold methanol, and then centrifuged at 4³C for 10 min. The resulting supernatants were transferred to autosampler vials and were analyzed by high performance liquid chromatography (HPLC) as well as by gas chromatography (GC). Reverse-phase HPLC was performed with a methanol^water (90:10) solvent and analyte detection at OD 280 as previously described [18] . Analyte concentration was calculated by comparison with a standard curve. GC analysis coupled with £ame ionization detection was performed on a Varian Star 3500 (Chromatography Systems, Walnut, CA) as previously described [19] . The amount of NH 4 ion released from aniline was determined at 630 nm using an indophenol blue reaction [20, 21] . Nitrate and nitrite reductions were determined as described previously [22] . Catechol 1,2-and 2,3-dioxygenase activities were assayed by spraying an aqueous 0.3% catechol solution onto the cells grown on aniline minimal medium plates.
Measurement of oxygen consumption rates
Cells grown in 500 ml of aniline minimal medium for 48 h with shaking were collected by centrifugation and were resuspended in 50 ml of 50 mM sodium phosphate bu¡er (pH 7.0) for simultaneous induction experiments. Simultaneous induction was determined by oxygen consumption studies, which were carried out with a Clark-type oxygen electrode (Rank Brothers, Cambridge, UK). Experiments were conducted at 30³C. The well of the oxygen electrode was ¢lled with 2.8 ml of aerated 50 mM sodium phosphate bu¡er (pH 7.0), to which was added 100 Wl of cell suspensions to a ¢nal protein concentration of 1.0 and 5.0 mg ml 31 . The rate of oxygen consumption was ¢rst measured in the absence of substrate for 5 min, and subsequently oxygen consumption was monitored for 30 min in the presence of 100 Wl of aniline (¢nal concentration, 1.0 mM), or 100 Wl of catechol (¢nal concentration, 3.0 mM). Oxygen consumption attributable to aniline or catechol utilization was calculated by subtracting the amount of oxygen consumption in the absence of substrate from the amount of oxygen consumption in the presence of substrate. This value is indicated as QO 2 . Oxygen consumption experiments were performed three times under identical conditions, and the actual QO 2 was determined as the mean of these three values.
E¡ect of secondary carbon and nitrogen sources on aniline utilization activity
To examine the e¡ect of a secondary carbon source on aniline utilization by strain HY99, aniline minimal medium was prepared, as described above, and was supplemented with 0.05, 0.1 and 0.2% glucose. 100 ml of cells that had been previously grown in TNB containing 1 mM aniline were added to each of the glucose-supplemented media and the cultures were incubated at 30³C for 3 days. Every 4 h, a 1-ml sample was taken, mixed with 1 ml methanol, and used for GC analysis. To investigate the in£uence of a secondary nitrogen source on aniline utilization by strain HY99, 0.1, 0.2 and 1.0% peptone or nitrate were added separately to aniline minimal medium, and the cultures were analyzed as described above for the secondary carbon source experiments. These experiments were performed three times under identical conditions and the rate of aniline degradation was determined as the mean of these three values.
Molecular techniques, PCR ampli¢cation of 16S rDNA
and sequence analysis DNA restriction digests, ligations, and transformation procedures were performed according to previously published methods [23] . Genomic DNA was puri¢ed from strain HY99 by use of a Clonetech tissue kit. For PCR ampli¢cation, two universal primers for the Domain Bacteria, 27f (5P-AGAGTTTGATCCTGGCTCAG) and 1522r (5P-AAGGAGGTGATCCA(AG)CCGCA) were used as sense and antisense primers, respectively. PCR reactions were performed for 1 min at 95³C, then cycled 25 times (1 min at 95³C, 1 min at 55³C, 1 min 72³C), and then extension reactions were carried out for 10 min at 72³C. The PCR products were inserted into pGEM-T vector, and transformed into Escherichia coli JM109. 200 ng of the double-stranded DNA were used as a template for sequencing, using both the 27f and 1522r primers. Nucleotide sequencing was carried out using an ABI 373A automated sequencer. Sequence analysis was performed using Lasergene (DNA STAR, Madison, WI) software, and the Genetics Computer Group (GCG ; University of Wisconsin, Madison) software package, version 8.1. Nucleotide sequence alignments were done with the GCG multiple sequence alignment program PILEUP.
Results and discussion
Physiological characterization of strain HY99
Several morphologically distinct isolates were obtained from the original aniline enrichment culture. Strain HY99 was selected from among these isolates for further detailed analyses owing to its ability to rapidly grow on aniline minimal medium, using aniline as both carbon and nitrogen source for growth. Strain HY99 was found to be Gram-negative, rod-shaped, catalase-positive, oxidase-positive, motile, and tryptophanase-negative. The strain grew both aerobically as well as anaerobically under nitrate reducing conditions on aniline. Strain HY99 tested negative for citrate utilization and for urease activity. The strain was able to grow on adipate, mannitol, sucrose, fructose, trehalose and L-valine. Based on these results, strain HY99 appeared to be similar to Delftia acidovorans (formerly Comamonas acidovorans), with 92% con¢dence based on comparison to organisms in the API database. However, unlike D. acidovorans, strain HY99 had the unusual ability to grow under anaerobic conditions via denitri¢cation.
Phylogenetic analysis of 16S rDNA sequence from strain HY99
VVV16S rDNA was ampli¢ed and sequenced in order to determine the phylogenetic placement of strain HY99. Based on the analysis of the 1525-bp 16S rDNA sequence, strain HY99 is placed in the L-Proteobacteria, and appears to be closely related to D. acidovorans (97% similarity). The relationship of strain HY99 to other closely-related members of the L-Proteobacteria is shown in Fig. 1 . Based on the results of the physiological and biochemical tests, together with the phylogenetic analysis of 16S rDNA sequences, it is clear that strain HY99 is similar to D. acidovorans MBIC1305. However, strain HY99 di¡ers from this isolate in that it can grow anaerobically via nitrate respiration. Hence we propose that strain HY99 be placed in the genus Delftia, with taxonomic placement at lower rank awaiting further detailed polyphasic taxonomic analysis of bacterial isolates within this group. The complete sequence of the 1525-bp 16S rDNA fragment from strain HY99 has been deposited in the GenBank database under accession number AF210313.
Aniline degradation under aerobic and denitrifying conditions
GC and HPLC analyses of HY99 cultures grown in aniline minimal medium (with aniline as the sole carbon and nitrogen source) under aerobic conditions revealed that 1 mM aniline was completely degraded to below the detection limit of 10 WM within 30 h (Fig. 2A) . Analysis of the incubation for ammonium ion showed a transient increase in concentration to a peak of 185 WM at 18 h, followed by a decline until no more free ammonium was detected. These results are consistent with the use of the liberated ammonium for growth by strain HY99. In addition, analysis of the incubation revealed the presence, after 24-h incubation, of a small OD 280 -absorbing peak which was identi¢ed as catechol based on comparison of retention times to authentic reference compounds (Fig. 3A) . This result suggested that catechol might be an intermediate in aniline degradation by strain HY99. This observation was further corroborated by the simultaneous induc- tion experiments which were conducted using respirometry. Rates of oxygen consumption by washed bacterial cell suspensions grown on aniline were monitored in the presence of aniline and catechol. The QO 2 for HY99 was 156.4 and 88.0 nM per minute when provided with 1 mM aniline or 3 mM catechol as a substrate, respectively. Furthermore, washed resting cells of HY99 that had been previously grown on aniline took up oxygen without a lag when given catechol as a substrate. These results are consistent with catechol being an intermediate in aniline degradation by strain HY99, and they agree with the observations made for other bacterial isolates capable of degrading aniline under aerobic conditions [24^34] .
Aniline oxygenase is the enzyme necessary for the ¢rst step in the initial catabolism of aniline under aerobic conditions. Despite many reports on aniline catabolism under aerobic conditions [24^34], there is very little information available about aniline oxygenase in these bacterial isolates. Recently, genes encoding pathways for aniline catabolism have been cloned and sequenced from P. putida UCC22 [35] and Acinetobacter sp. YAA [36] . Analysis of partial aniline oxygenase sequences cloned from strain HY99 revealed that there are considerable di¡erences between the deduced amino acid sequences of the aniline oxygenase of strain HY99 and those present in strains UCC22 and YAA (data not shown). These di¡erences may relate to the unique physiological attributes of strain HY99. Further detailed characterization of the aniline oxygenase from strain HY99 is now in progress.
Further metabolism of catechol by strain HY99 appears to proceed by a meta-cleavage pathway, as evidenced by the production on aniline minimal medium plates of a yellow color around colonies that had been sprayed with a 0.3 M catechol solution (data not shown). Alcaligenes faecalis [24] , Nocardia sp. [25] , Moraxella sp. [26] , Rhodococcus erythropolis [27] , Rhodococcus sp. [28] , Frateuria sp. [29] , Pseudomonas diminuta [30] , Pseudomonas putida [31] , Pseudomonas sp. [32] , Pseudomonas acidovorans [33] , Achromobacter sp. [33] , Flavimonas sp. [33] , and Acinetobacter sp. [34] have all been isolated for their ability to degrade aniline in aerobic environments via a catechol intermediate. The majority of these isolates have been shown to use an ortho-cleavage pathway for dissimilation of the catechol intermediate ; however, in A. faecalis [24] , P. [31] , Pseudomonas sp. [32] , and P. acidovorans, [33] catechol has been shown to be cleaved via a meta-ring-cleavage oxygenase. The physiological basis for the di¡erences in ring-cleavage pathways among these aniline degraders is unknown.
Under anaerobic conditions, strain HY99 took more than 7 days to degrade 1 mM aniline completely with concomitant nitrate reduction. The amount of nitrite formed from nitrate utilization during the 7-day incubation increased transiently to a maximum concentration of 80WM at day 5, but then decreased to below the detection limit of 10 WM (Fig. 2B) . This result indicates that aniline was degraded under anaerobic conditions linked to nitrate reduction. GC and HPLC analyses of the cultures revealed a novel peak, detected initially at day 6, that was determined to be p-aminobenzoate based on comparison of its retention time with that of authentic reference compounds (Fig. 3B) . No other peaks were detected by GC or HPLC analyses.
Based on the data presented above, we propose that aniline is metabolized via catechol as the ¢rst intermediate under aerobic conditions, and that p-aminobenzoate is the ¢rst intermediate produced under anaerobic denitrifying conditions. Anaerobic degradation of aniline by a pure culture was ¢rst described in detail by Schnell and Schink [7] for D. anilini, which was able to catabolize aniline via reductive deamination of 4-aminobenzoyl-CoA, linked with sulfate reduction. In strain HY99, which can catabolize aniline under denitrifying conditions via 4-aminobenzoate, it is possible that a similar reductive deamination could occur assuming that a CoA ester is generated from 4-aminobenzoate. The metabolic sequence by which strain HY99 metabolizes aniline under denitrifying conditions is currently being investigated.
E¡ect of secondary carbon and nitrogen sources on aniline degradation
The addition of glucose as a secondary carbon source to aniline minimal medium resulted in a drastic reduction in the aniline degradation rate for strain HY99 (Fig. 4) . The rate of aniline degradation decreased as the amount of glucose increased from 0.05 to 0.1 to 0.2% (data not shown). However, it should be noted that the reduction in aniline utilization was not due simply to the preferential utilization of glucose by the HY99 cells. Rather, in the cultures that contained both glucose and aniline, there was a pronounced and overall suppression in growth as indicated by a lack of increase in turbidity in the culture, compared to a culture that contained only aniline which became visibly turbid after 12 h of incubation. In the absence of glucose, strain HY99 completely degraded 1 mM aniline in 30 h, but in the presence of 0.2% glucose degradation of aniline was severely inhibited (Fig. 4) . At the 18-hour time point (Fig. 4) , only 2% of the initial concentration of aniline was utilized for the culture that contained both glucose and aniline, in contrast to the culture that contained only aniline where approximately 40% of the aniline had been utilized. Moreover, the rate of aniline degradation did not change appreciably over the 54-h incubation period for cells grown in the presence of both aniline and glucose.
The lack of growth of HY99 cells in the presence of glucose and aniline could have resulted from a very strong glucose-mediated catabolite repression e¡ect on aniline utilization, with a concomitant lack of a nitrogen source inasmuch as aniline was provided as the sole source of nitrogen in these experiments. However, for many aniline-degraders, this type of catabolite repression has not been observed. Schukat et al. [28] reported that Rhodococcus sp. AN117 was able to cometabolize 2-and 3-chloroaniline in the presence of glucose, and that addition of supplemental glucose did not have an inhibitory e¡ect on the rate of aniline degradation. Also, Konopka et al. [32] demonstrated that aniline catabolism by Pseudomonas sp. K1 was not repressed in the presence of lactate as a secondary carbon source. These ¢ndings, together with what we have observed for peptone, which did not inhibit aniline utilization (described below), suggest the possibility that the strong inhibitory e¡ect of glucose might not be explained by a simple catabolite repressive e¡ect. This aspect of the physiology of strain HY99 merits further investigation.
In contrast to the overall growth-suppressive e¡ect observed when glucose was present, the addition of peptone to aniline minimal medium resulted in an acceleration of the aniline degradation rate. Addition of 0.2% peptone resulted in an approximately 1.7-fold higher rate of aniline degradation at the 18-h time point for HY99 (Fig. 4) . However, the rate of aniline degradation was not proportional to the amount of peptone added: aniline degradation was stimulated more by the addition of 0.2% peptone than by 1% peptone (data not shown). The marked stimulation of aniline degradation in the presence of peptone was unexpected. Peptone is a hydrolyzed protein which could be utilized as both an ancillary source of carbon and nitrogen. It is possible that the provision of a large exogenous source of nitrogen is what is responsible for the stimulation of aniline degradation by strain HY99 inasmuch as in the presence of peptone strain HY99 would not be required to utilize aniline as both a carbon and a nitrogen source. To further investigate this, we tested the e¡ect of the addition of 0.5% nitrate on aniline degradation by strain HY99. As shown in Fig. 4 , addition of nitrate also greatly stimulated aniline degradation. The Fig. 3 . GC analyses of aniline culture supernatants for strain HY99 grown under aerobic (A) or anaerobic, denitrifying (B) conditions. The peak at 15.9 min (aerobic culture) and at 20.1 min (denitrifying culture) were identi¢ed based on their retention time relative to that of authentic reference compounds. The aerobic culture was assayed at the 24-h time point, and the anaerobic culture was analyzed at the 6-day time point. mechanisms by which this stimulation is brought about merit further investigation.
